The Wistar-Kyoto (WKY) rat is the normotensive progenitor strain of the spontaneously hypertensive rat (SHR) that Okamoto and Aoki (1963) isolated from a strain of Wistar rats, the Wistar/Hokkaido rat. The WKY rat differs from the SHR not only with respect to resting blood pressure but it also displays smaller stress-induced increases in plasma cathecholamines (McCarty et al. 1987) , heart rate, and blood pressure (LeDoux et al. 1982; Rettig et al. 1986; Knardahl and Hendley 1990) . In contrast, WKYs show larger endocrine and behavioral responses to stress compared not only to SHRs but also to Wistars and several other rat strains (Pare and Redei 1995) . Because most current animal models of depression are based on stress-induced behavioral deficits, it is no surprise that the WKY rat, which is endogenously hyperresponsive to stress, also shows endogenous depressive behavior (Pare and Redei 1995) .
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A large body of literature from different laboratories supports these findings. WKY rats show increased depressive and anxious behavior in a number of tests as compared to several inbred and outbred rat strains (Pare 1989; Pare 1992a; Tizabi et al. 1992; Castanon et al. 1993; Pare 1993; Pare and Redei 1993a; Pare and Redei 1993b; Pare 1994; Armario et al. 1995; Pare and Redei 1995; Courvoisier et al. 1996; Lahmame and Armario 1996; Marti and Armario 1996; Berton et al. 1997; Lahmame et al. 1997; Lopez-Rubalcava and Lucki 2000) . The fact that these animals show both depressive and anxious behavior mirrors human psychopathology where there is a substantial comorbidity of depression and anxiety disorders (Pini et al. 1997) . Chronic treatment with tricyclic antidepressants (Pare 1992b; Lahmame et al. 1997 ) decreases depressive behavior of WKYs as measured by decreased immobility and increased struggling in the forced swim test. However, WKYs respond to tricyclic antidepressants administered subacutely with increased (Lopez-Rubalcava and Lucki 2000) or decreased (Lahmame and Armario 1996; Lahmame et al. 1997 ) sensitivity as compared to other strains and WKYs seem to have a blunted behavioral response to serotonergic drugs as well (Lopez-Rubalcava and Lucki 2000) . This seemingly decreased sensitivity to antidepressants prompted Lahmame and his colleagues to suggest that the WKY rat may be a model of treatment resistant depression (Lahmame and Armario 1996; Lahmame et al. 1997) .
In human treatment resistant depression, one of the most consistent findings is the high prevalence of subclinical hypothyroidism (Howland 1993; Lasser and Baldessarini 1997; Pies 1997; van Praag 1997) . The clinical findings that T 3 can augment the antidepressant response in antidepressant refractory depression (Joffe et al. 1995; Henley and Koehnle 1997) supports the hypothesis that subclinical hypothyroidism lowers the threshold of depression or enhances depressive symptoms, but is not sufficient, per se, to cause depression (Kirkegaard and Faber 1991; Haggerty et al. 1993) .
Some animal studies have also shown that experimental hypothyroidism increases depressive behavior in the forced swim test (Kulikov et al. 1997) and that thyroid hormones have activity similar to antidepressants (Martin et al. 1985; Massol et al. 1989) . Given that WKYs show endogenous depressive behavior with a purportedly decreased sensitivity to antidepressant treatment, we asked whether WKYs exhibit a dysregulation of the hypothalamic-pituitary-thyroid (HPT) axis. Therefore, we have altered the thyroid hormone milieu of WKY and Wistar rats toward the hypo-or hyperthyroid state and measured the hormonal and behavioral responses of these animals to the altered HPT status.
METHODS

Animals
Male Wistar-Kyoto (WKY, Harlan, 9 weeks old) and Wistar (Harlan, 9 weeks old) rats were housed two per cage in a climate-controlled facility with a 14/10 light dark cycle (lights on 07:00 h). Four separate studies were carried out. In the 6-propyl-thiouracil (PTU) study, WKY and Wistar rats were either fed rat chow and a daily prepared Kool-Aid solution ad libitum (control) or 0.05% PTU in Kool-Aid solution for 3 weeks as described previously (Rittenhouse and Redei 1997) . We used the Kool-Aid solution, because it masked the taste of PTU sufficiently so that the animals were drinking normal amounts of liquid. In the thyroxine administration study (T 4 study), WKY and Wistar rats were either fed rat chow and water ad libitum (control) or T 4 (0.012%) in drinking water for 3 weeks as described previously (Rittenhouse and Redei 1997) . In the T 3 study, WKY and Wistar rats were injected IP daily with either the high dose tri-iodothyronine (T 3 , 50 g/100 g body weight) or vehicle saline for 2 weeks. This high dose of T 3 was shown to result in very high plasma T 3 levels (Dellovade et al. 1996) . In the case of the thyroidectomy study (TX study), WKY and Wistar rats were sham-thyroidectomized or thyroidectomized by Harlan-Sprague-Dawley (Indianapolis, IN) and arrived 1 week post-thyroidectomy. They were fed rat chow and either water ad libitum (sham control) or 3% calcium lactate in drinking water (thyroidectomized rats) for 3 weeks. Animals were first exposed to the open field test. Twenty-four hours later, they were exposed to the first day of the 2-day forced swim test (FST). Animals were killed by decapitation 4 h post-FST. Trunk blood was collected to measure plasma T 4 , T 3 and TSH levels.
RIAs
Thyroid-stimulating hormone (TSH) was measured as described before (Rittenhouse and Redei 1997) ; standards and specific antiserum were obtained from the National Hormone and Pituitary Agency (NIDDK, Baltimore, MD). Rat TSH RP-2 was used for the iodination and standards. The assay sensitivity was 1.0 pg/tube with an intra-assay coefficient of variation of 10.5%. RIAs for T 3 and T 4 were performed using ImmuChemcoated tubes purchased from ICN Pharmaceuticals (Costa Mesa, CA), following the recommended protocol provided with each kit. The sensitivity limits were 1.0 ng/tube and 0.5 g/tube for T 3 and T 4 , with intraassay coefficients of variation of 4.1 and 5.2%, respectively.
Forced Swim Test (FST)
The FST, conducted as originally described by Porsolt et al.(1977) , utilizes a glass water tank 30 cm in diameter and 45 cm tall with the water level 15 cm from the top and water temperature at 25 Њ C. Rats were individually placed in the water tank for 15 min. Twenty-four hours later, rats were placed once more in the tank for a 5-min session, and time spent floating and climbing on tank wall were recorded.
Open Field Test (OFT)
Animals were placed in the center of a novel 15 in diameter open field arena for a 5-min test session. The floor was divided into quadrants for assessment of movement within the field. Illumination was approximately 160 lux. Open field behaviors were scored by a trained observer who was blind to the treatment conditions. The time to leave the entry segment (response latency, s), and the number of arena segments crossed (activity) were recorded.
Statistical Analysis
The data were analyzed by a two-factor analysis of variance (ANOVA) design with Strain (WKY vs. Wistar) as one factor, and Treatment (PTU, T 4 , T 3 , Thyroidectomy vs. Control) as the second factor. The Tukey HSD test, with a p Ͻ .05, was used as a post-hoc test to locate significant differences between strain-treatment conditions. To address specific and relevant experimental questions, secondary statistical analyses were conducted in some instances where the ANOVA interaction term was not significant. To address these questions, a Student's t -test was applied to determine the existence of significant differences between strain-treatment conditions.
RESULTS
HPT Activity
T 4 . Control "euthyroid" WKY rats had plasma T 4 levels that were slightly, but not significantly, lower as compared to control Wistars in the PTU, T 4 , and T 3 treatment study but were significantly lower in the thyroidectomy study (strain: F[1,33] ϭ 13.8, strain and treatment interaction: F ϭ 4.32, Tukey, p Ͻ .5; Figure 1 
Correlation Between Behavioral and Hormonal Measures
The behavioral and hormonal measures of WKY and Wistar rats from all four studies were correlated separately for all control and all treated groups. We chose to explore correlation separately, because we assumed that the interaction between basal levels of thyroid hormones, TSH, and behavior differs from those where hormone levels are manipulated. This assumption is confirmed by the lack of correlation between basal levels of T 4 , T 3 , and TSH in both strains; whereas, there was a very high correlation among these measures after treatment.
Control Wistars, but not WKYs, showed a significant positive correlation between response latency in the OFT and plasma T 4 (r ϭ 0.34, n ϭ 32) that was confirmed by the significant negative correlation between activity and T 4 (r ϭ Ϫ0.30). Treated Wistars, but not WKYs, also showed significant positive correlation of floating with T 4 (r ϭ0.42, n ϭ 34) and T 3 (r ϭ 0.41) and a significant negative correlation between activity and T 4 (r ϭ Ϫ0.67; n ϭ 34). The only correlation that did not differ between the strains showed positive correlation between activity in the OFT and plasma TSH (Wistar control: r ϭ 0.34; treatment: r ϭ 0.56; WKY control: r ϭ 0.30; treatment: r ϭ 0.48).
DISCUSSION
The results of these studies confirm previous notions that changes in thyroid hormonal milieu can affect behavior in the adult animal. The effect of altered thyroid hormone status on the depressive behavior in the forced swim test and on the exploratory/anxious behavior in the open field test is different. Furthermore, the degree by which thyroid hormones affect these behaviors differs between WKYs and Wistars presumably because of decreased central nervous system sensitivity to thyroid hormones in the WKYs that show increased HPT function in the basal "euthyroid" state.
Control WKYs showed significantly higher plasma TSH and T 3 levels as compared to Wistars. Because both TSH and T 3 were elevated, it is likely that T 3 levels higher than the already elevated basal T 3 are necessary in WKYs for efficiently regulating basal TSH levels. This suggestion was supported by the much greater increase of plasma TSH observed in WKYs as compared to Wistars in response to the two different hypothyroid states. Furthermore, hypothyroid states exaggerating the relative lack of T 3 increased the anxiety-related response latency behavior in the OFT in WKYs but not in Wistars. Thus, the hypothyroid state-induced decrease in thyroid hormone levels affected the behavior of WKYs more than those of Wistars. Conversely, thyroxine administration increased plasma T 3 levels sufficiently for Wistars, but not for WKYs, to affect both OFT and FST behavior. Floating could not be affected by hyperthyroid status in WKYs because of a ceiling effect, but response latency in the OFT could have been decreased by T 4 if sensitivity to thyroid hormones is the same in WKYs and Wistars. T 3 administration led to 10-fold higher plasma T 3 levels than those achieved after administration of thyroxine, and these high T 3 levels were sufficient to affect WKYs' behavior as well in the OFT. Thus, it indeed seems that WKYs exhibit decreased behavioral sensitivity to thyroid hormones as compared to Wistars.
Elevated basal TSH in the presence of elevated T 3 could be caused by increased hypothalamic TRH stimulation or decreased feedback inhibition. The primary regulator of plasma TSH levels is thought to be negative feedback when thyroid hormone receptors are functional, as was illustrated in the TRH knock-out mice (Yamada et al. 1997) where plasma TSH was elevated. Further arguing for the lack of involvement of TRH in the elevated TSH levels of WKYs, we found no difference in hypothalamic prepro-TRH mRNA levels between WKY and Wistar rats (Suzuki et al. in press) , although TRH peptide levels were not measured.
Decreased feedback inhibition could be attributed to decreased availability of T 3 at the sites of feedback inhibition. T 4 is converted into T 3 by type II 5Ј-iodothyronine deiodinase (5Ј D-II) in the brain and pituitary. Because TSH in WKYs was suppressed by T 4 treatment, but no behavioral response was observed, 5Ј D-II alterations are not likely to cause the lack of central responsiveness to T 4 in WKYs. Furthermore, 5Ј D-II expression is increased in response to stress (Baumgartner et al. 1998 ) that is likely to be glucocorticoid-mediated, because a glucocorticoid responsive element has been found in the promoter region of 5Ј D-II. Because the diurnal CORT peak is increased and prolonged in WKYs (Solberg et al. in press) , 5Ј D-II could be high in both the hypothalamus and the pituitary of the stress-hyper-responsive WKY leading to normal to high levels of local T 3 . However, neither these normal to high levels of endogenous T 3 nor the T 4 administration-induced elevated T 3 affected behavior; suggesting decreased central sensitivity to thyroid hormones in the WKYs. Further support of this suggestion is that WKYs showed no correlation between behavioral measures and thyroid hormones; whereas, floating correlated positively, and activity in the OFT correlated negatively with T 4 and T 3 in Wistars. Therefore, WKYs' behavior has no simple causal relationship to their plasma thyroid hormone levels.
The present findings, of a positive correlation between T 3 , T 4 and immobility in the FST in Wistars, are the opposite of some previous observations, but agrees with others. Experimental hypothyroidism has been shown to increase depressive behavior in the forced swim test (Kulikov et al. 1997) , and thyroid hormones were suggested to have activity similar to antidepressants (Martin et al. 1985; Massol et al. 1989) . In contrast, hypothyroidism was shown to attenuate the acquisition of the immobile response: it decreased immobility at the second day of the FST (Jefferys and Funder 1989) . This decrease was reversed by administration of T 4 up to 2 h after the initial test. Using the learned helplessness paradigm and identical PTU treatment, could not detect a hypothyroidism-induced facilitation of helpless behavior, although Brochet et al. (1987) found that T 3 potentiated the effects of antidepressants in eliminating depressive-like behavior (escape deficit in the shuttle box). In this and previous studies, peripheral thyroid indices do not seem to determine ) the effect of hypo-or hyperthyroidism on behavior, rather the behavioral effect is dependent on brain thyroid hormone levels or efficacy and/or some other thyroid hormone-induced factor(s) beyond the peripheral thyroid hormone status of the subject. Thus, the contradictory results obtained previously and in the present study could be related to higher or lower brain thyroid hormone levels, and, therefore, different thyroid hormone receptor occupancy achieved in these strains of animals.
It has been shown that thyroidectomy increases TR␤ 1 immunoreactivity in specific brain regions that include the caudate-putamen, habenular nucleus, and the dorsal lateral septum (Nobrega et al. 1997) . Recently, we have demonstrated that hypothyroidism, induced by PTU, decreases TR␣ 1 , and ␤ 1 expression in the hippocampus but increases TR␣ 1 and ␤ 1 expression in the hypothalamus (Pawlyk et al. 1996) . TR␤ 2 has also been found in different brain regions (Li and Boyages 1996) . However, little is known of the effect of thyroid hormone milieu on TR expression in brain regions that have been suggested to be involved in the OFT or FST behavior; namely, the amygdala (Werka et al. 1978; Shimazoe et al. 1988; Nieminen et al. 1992 ) and the prefrontal cortex (Burns et al. 1996; Zangen et al. 1999 ). Thus, distribution of the TR isoforms and their regionspecific response to changes in thyroid hormone milieu could be responsible for the differential effects of thyroid hormones on behavioral measures in the OFT and the FST, such as decreased activity (swimming) in the Wistars in the FST but increased activity (segments entered) in the OFT in response to hyperthyroid states. Alternatively, recently it has been suggested, for the transcriptional induction of RC3/neurogranin by T 3 , that the brain region-specific differential sensitivity to T 3 was not related to the differential expression of TR isoforms (Guadano-Ferraz et al. 1997 ). The authors suggest that cell sensitivity to thyroid hormones in the brain depend upon T 3 receptor associated factors.
The findings of the current study suggest that there may exist a decreased sensitivity to thyroid hormones in the central nervous system of the WKYs. Although WKYs respond to hypo-and hyperthyroid state with the appropriate changes in plasma TSH, they show a basal dysregulation of the HPT activity and only respond to very high levels of T 3 behaviorally. The possibility of a dysfunction of thyroid hormone receptors in the brain of the WKYs is currently being investigated.
